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INTRODUCTION 

Titanium is a material of choice for dental prosthetic devices 
such as crowns and bridges, dental implants, and removable 
denture frameworks, 1 " 5 because it is light and shows excel- 
lent corrosion resistance and biocompatibility in the oral 
environment compared with other dental alloys. 6 - 7 Further, 
progress in titanium casting techniques as well in shaping 
technologies such as CAD/CAM, will increase the future use 
of titanium as a restorative material. 

The sol-gel dipping process, 8 " 13 in which liquid silicon 
alkoxide is transformed into a solid silicon-oxygen network 
can produce a thin film coating of silica. The features of this 
method are high homogeneity and purity of the thin silica film 
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and a low sinter temperature on the metal substrate, which are 
important for the preparation of a coating film that can be 
easily produced in the laboratory. This method may prevent 
release of metallic ions from the substrate as well as attach- 
ment by dental plaque, because the surface is smoother and 
more hydrophobic than noncoated metal. Resin cements are 
composed of various types of fillers and multi-functional 
methacrylate monomers, and silica is contained as a filler. 14 
Silica coating on dental casting alloy surfaces using an ex- 
pensive apparatus and primed treatment by silane coupling 
agent improved the bond strength of resin cements to siUca- 
coated dental alloys. 15 However, since titanium is a relatively 
new restorative material, the effects of sol-gel-derived silica- 
coatings by dipping method in order to achieve a high bond 
strength between resin cements and dental pure titanium 
casting have not yet been determined in the dental field. 

There have been no previous reports concerning thin film 
formation on the surface of dental pure titanium casting by 
the sol-gel dipping process to improve surface properties of 
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dental pure titanium. We investigated the adhesive strength 
between silica film and substrate, contact angle, and titanium 
ion release from silica-coated pure titanium in comparison 
with noncoated metal. 



MATERIALS AND METHODS 

Specimens of Pure Titanium Casting 

The metal used in this study was dental pure titanium (Selec, 
Selec Co., Ltd., Osaka, Japan, Ti: 99.485%, O: 0.20%, Fe: 
0.25%, N: 0.05%, H: 0.015%). Plates 20-mm X 10-mm X 
1-mm thick were cast into an zirconia-magnesia investment 
(Selevest CB, Selec Co., Ltd.) with a centrifugal casting 
machine (Ticast Super R, Selec Co., Ltd.) and then ground 
sequentially through 200-, 600-, and 800-grit silicon carbide 
papers. The plates were then ultrasonically cleaned in isopro- 
pylalcohol and rinsed sequentially in acetone and deionized 
water to remove fatty debris and dust from the metal surface. 
This metal was used as the substrate. 

Thin Silica Film Coating (SiOJ by 
Sol-Gel Dipping Process 

The metal specimens were pretreated in isopropylalcohol 
solution containing 10 wt% 3-aminopropyl Stmemoxysilane" 
(Chisso Corp., Tokyo, Japan) to promote adhesion to the 
silica. They were dipped for 5 min, withdrawn from the 
solution at a speed of 2 mm/min, and then air-dried for 20 
min at room temperature. Subsequently, they were heated at 
120 °C for 20 min and stored at room temperature. The silica 
precursor solution was prepared by mixing an alcohol solu- 
tion containing tetramethoxysilane oligomer (Mitsubishi 
Chemical Corp., Tokyo, Japan) adjusted to pH 4.5 by meth- 
ylalcohol solution containing 10 wt% p-toluenesulfonic acid 
(Kishida Chemical Co., Ltd., Osaka, Japan). The pretreated 
metal specimens were dipped in the silica precursor solution 
for 5 min, withdrawn at a speed of 2 mm/min, air-dried for 20 
min at room temperature, heated at 120 °C for 20 min, and 
then stored at room temperature. This procedure of Si0 2 film 
coatings, as mentioned above, was replicated ten times to 
determine the film thickness of Si0 2 on the surface of dental 
pure titanium using a scanning electron microscope (Hitachi, 
Tokyo, Japan). The average thickness of Si0 2 films for all 
specimens was approximately 0.5 /im. 

SiOa/F-Hybrid Rim Coating 

Further metal specimens were treated by fluoride polymer 
solution containing 7 wt% perfluoroalkane (Asahi Glass Co., 
Ltd., Tokyo, Japan) after coating by Si0 2 . They were dipped 
for 5 min, withdrawn from the solution at a speed of 2 
mm/min, air-dried for 20 min at room temperature, heated at 
150 °C for 60 min, and then stored at room temperature. The 
thickness of Si0 2 /F-hybrid film was approximately 0.6 /xrou 



Elemental Surface Analysis 

The elemental compositions of the chemical states for Si0 2 - 
and Si0 2 /F-coated specimens were analyzed by electron 
spectroscopy for chemical analysis (ESCA, ESCA 1000, Shi- 
madzu Co., Ltd., Kyoto, Japan) with Mg K a radiation (1253.6 
eV) with a source of 8.0 kV and 30 mA under a pressure of 
2 X 10~ 6 Pa evacuated with a turbo-molecular pump. The 
coated specimen was subjected to argon ion etching at 2.0 kV 
and 20 mA for a total etching time of 9 min under a pressure 
of 5 X 10 4 Pa in the spectrometer. The etching rate was 0. 1 
nm/s under these etching conditions. The ESCA measure- 
ments and argon ion etching were performed intermittently 
for determination of the changes in both amount and chemical 
state of the elements with depth. Quantitative analysis of the 
surface was carried out by computer in the ESCA spectrom- 
eter. 

Adhesive Bond Strength of Si0 2 
or SiOa/F-Hybrid Film to Titanium 

The adhesive bond strength of the thin Si0 2 or Si0 2 /F-hybrid 
film to the metal substrate was measured by a tensile test. A 
commercial rivet-shaped aluminum stud-pin (JEOL Datum 
Ltd., Tokyo, Japan, disk 1 mm thick and 2.7 mm in diameter, 
pedicle 12 mm long and 1.6 mm in diameter, and epoxy resin 
adhesive attaching to disk head) was fixed onto the Si0 2 - and 
Si0 2 /F-coated metal specimens by a clip. After heating the 
specimens in an oven at 130 °C for 1 h and cooling to room 
temperature, the adhesive strength was measured using a 
tensile test machine (Sebastian V, Quad Group Inc., Wash- 
ington D.C.) at a loading rate of 4.5 kg/s. The surfaces of 
debonded metal specimens were observed using scanning 
electron microscopy and energy-dispersive spectroscopy of 
X-rays (EDX) with an acceleration voltage of 20 KeV. Five 
replications were carried out for each specimen group. 

Titanium Ion Release 

10 mL of 1 wt% lactic acid (Wako Pure Chemicals Co., Ltd., 
Osaka, Japan) solution was put in a polyethylene bottle. One 
specimen for each surface condition was immersed in the 
bottle. Bottles were placed on an incupet-shaker (EPS-310, 
Iuchi Co., Ltd., Tokyo, Japan) at 37 °C for 2 weeks at one 
stroke a second. The concentration of titanium ions released 
from the metal specimens was determined by inductively 
coupled plasma-atomic emission spectroscopy (ICP-AES, 
SPS-1500VR, Seiko Instruments Co., Ltd., Tokyo, Japan). 
The quantities of titanium ions release from the metal spec- 
imens (ppb) was expressed as the amounts of titanium ions 
into the solution (10 mL) per unit surface area of the speci- 
men (cm 2 ). Three replications were carried out for each 
specimen group. 

Contact Angle Measurement 

A Type CA-D (Kyowa Interface Science Co., Ltd., Tokyo, 
Japan) contact angle analyzer was used to measure the con- 
tact angles of distilled water. A fixed droplet of water was 
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Figure 1. ESCA spectra of Si0 2 -coated pure titanium surface at different deoths after 
argon-ion-etching times: (a) Si 2p, (b) O 1s, (c) C 1s. ^ 6 601 



positioned on the specimen with a micropipette. A tangent 
droplet was drawn from the point of air-water-metal intersec- 
tion. Contact angles between this tangent line and the metal 
surface were measured under a microscope. For each type of 
metal substrate surface, five measurements were made and 
their mean was calculated. 



RESULTS 

Figure 1 shows the Si 2p spectra (a), O Is spectra (b), and C 
Is spectra (c) obtained at different depths of the Si0 2 -coated 



pure titanium casting surface after different argon-ion-etching 
times. The binding energies of the Si 2p and O Is spectra for 
Si0 2 were 103.4 eV and 532.9 eV, respectively (JEOL, XPS 
Handbook, 1991). However, there were minute differences of 
approximately 1.3 eV between detected peak and binding 
energy. The thin Si0 2 film on the specimen surface might 
have caused the minute charge shift due to its insulation, 
because the same view was observed as in C Is spectra [Fig 
1(c)]. Figure 2 shows the ESCA standard spectra obtained 
from Si0 2 -coated pure titanium surface after 1 min of argon- 
lon-etching. As in the Si 2p spectra and O Is spectra, the peak 
approximately corresponded to the binding energy of SiQ 2 
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Figure 2. ESCA qualitative profile of Si0 2 -coated pure titanium surface after 1 min of arqon-ion- 
etching. 



the Si0 2 film was confirmed to have formed on the pure 
titanium casting surface. Figure 3 shows the variations in 
concentration (at %) of the elements in the Si0 2 -coated pure 
titanium casting with depth. The composition ratio of O/Si is 
approximately 1.8, because the sintering temperature of 120 
°C is not enough to remove all the C atoms from the Si0 2 
film. The ESCA spectra (C Is (a) and F Is (b)) with argon ion 
etching for 9 min for Si0 2 /F-coated pure titanium are shown 
in Figure 4. The binding energies of the C Is and F Is spectra 
for CF 2 were 292.2 eV and 689.7 eV, respectively. There 
were also minute differences of approximately 4.0 eV be- 
tween detected peak and binding energy because of the 
minute charge shift. Thus, the peak approximately corre- 
sponded to the binding energy of CF 2 . 
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Figure 3. ESCA depth profile of Si0 2 -coated pure titanium. 



The adhesive bond strength between the Si0 2 or Si0 2 /F- 
hybrid film and titanium metal substrate, amounts of titanium 
ions released from the specimens, and contact angles of water 
for three metal surface conditions are summarized in Tables 
I-HI, respectively. The tensile bond strength of heated epoxy 
resin adhesive to alumina (stud-pin) was 77.3 ± 4.0 MPa, and 
the specimens failed at alumina-epoxy resin adhesive inter- 
face in the stud-pin. The tensile bond strength of Si0 2 or 
Si0 2 /F-hybrid film to pure titanium showed above 55 MPa. 
However, all of the specimens coated with Si0 2 or Si0 2 /F- 
hybrid film failed at the Si0 2 or Si0 2 /F-hybrid film-epoxy 
resin adhesive interface, demonstrating that silica and fluo- 
rine peaks with the element of titanium as a substrate ob- 
served by the EDX analysis of the debonded Si0 2 /F-coated 
metal surface (Fig. 5). Thus, the real bond strengths of both 
films to pure titanium casting are higher than the measured 
values. Both Si0 2 - and Si0 2 /F-coated specimens showed 
significantly less titanium ion release than noncoated speci- 
mens. For the Si0 2 /F-coated titanium, the amounts of tita- 
nium ions release from the specimens were approximately 
4% of those for noncoated metal. Both Si0 2 - and Si0 2 /F- 
coated surfaces showed an increase of contact angle of water, 
and their surfaces were more hydrophobic than the noncoated 
metal specimens. 



DISCUSSION 

There have been previous sol-gel studies in which liquid 
silicon alkoxides are transformed into a solid silicon-oxide 
network. 16 * 18 However, the feasibility of this method by 
dipping for the formation of a thin Si0 2 film on the surface of 
dental pure titanium casting has not been studied in detail. 

As shown in Figure 6, the ESCA standard spectra obtained 
from Si0 2 /F-hybrid-coated pure titanium surface after 1 min 
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Figure 4. ESCA spectra of SiO^-hybrid-coated pure titanium surface at different depths after 
drfferent argon-ion-etching times: (a) C 1s, (b) F 1s. 



of argon-ion-etching, Si0 2 films may react with carbpxyl acid 
in fluoride polymer solution. Durable thin Si0 2 and Si0 2 /F- 
hybrid films can be formed on the casting pure titanium 
surface. Titanium spontaneously forms a passivating oxide 



layer at room temperature when exposed to air or water. 
Thus, by the sol-gel dipping method, both Si0 2 and Si0 2 /F- 
hybrid films could be formed onto the titanium oxide layer 



TABLE L Adhesive Bond Strength of Si0 2 -Coated 
Rim to Pure Tita nium ^ 

Surface 



Adhesive Strength ± SD (MPa) 



Nontreatment 

Si0 2 

SiCyF 



77.3 ± 4.0 
55.7 ± 3.0 
58.0 ± 2.7 



TABLE II. Titanium Ion Release from Pure Titanium" 



Surface 



Titanium Ion ± SD (ppb/cm 2 ) 



Nontreatment 

Si0 2 

Si(VF 



235.2 ± 15.9 b 
30.5 ± 6.7 a 
9.5 ± 0.5 a 



■Values with different superscripts are significantly different (p < 0.05) by 
Duncan new multiple range test 
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Surface 




Contact Angle ± SD (°) 


Nontreatment 




62.1 ± 2.8 a 


Si0 2 




81.6±3.3 b 






" 105.7 ± 1.3 C 



■ Values with different superscripts are significantly different (p < 0 05) by 
Duncan new multiple range test 



generated on the pure titanium surface. By the sol-gel dipping 
method, a thin Si0 2 film could be formed onto the titanium 
oxide layer generated on pure titanium metal surfaces. It has 
been reported that, generally, oxidized metal on the metal 
surface bonded more strongly to Si0 2 than metal. 19 Although 
it was difficult to confirm Si-O-Ti bonds by ESCA analysis, 
the good adhesion in this study might come from Si-O-Ti 
bonds. The growth of a passivating oxide layer on the tita- 
nium surface increases at temperatures above 800 °C. How- 
ever, the thicker the layer, the weaker the bonding. 20 More- 
over, at this critical temperature, the thickness of the Ti0 2 - 
layer reaches a dimension that is undesirable. 21 The coating 
procedure of Si0 2 and SiCyF-hybrid films at 120 °C or 150 
°C by sol-gel dipping method in our study has no negative 
influence on characteristics of the titanium oxide layer onto 
the substrate of pure titanium casting. 

When dental metals are suspected to be an allergen source, 
all restorations must be replaced unless the metal containing 
the allergen is known. Patients are instructed to avoid expo- 
sure to materials containing allergens within their living 
environment. Of the base metals, titanium and its alloys may 
be one alternative replacement material for a patient who is 
sensitive to alloys and who needs prostheses. Titanium has 
never been reported to cause sensitivity reactions on oral 
mucosa because of the excellent corrosion resistance and low 
thermal conductivity of titanium. The corrosion resistance 
results from the strong tendency of titanium to form thermo- 
dynamically stable and mechanically adherent continuous 



oxide layers on its surface. 22 However, there have been 
reports of patients suspected of exhibiting titanium allergy 
from implants. 2 The amounts of titanium ion released 
from Si0 2 - and SiO^-coated titanium were significantly 
less than those released from noncoated titanium Thus the 
formation of both thin Si0 2 and Si0 2 /F-hybrid films by the 
sol-gel dipping process on the surface of restorations or 
prostheses made of pure titanium may minimize the possibil- 
ity of hypersensitivity reactions to titanium ions. 

Human periodontal disease occurs in response to the ac- 
cumulation of dental plaque on tooth surfaces. 25 " 28 With 
either tooth enamel or a restorative material, gingival inflam- 
mation is caused by bacterial products elaborated within the 
dental plaque. The bacterial products are also the primary 
etiologic factor in dental caries. 29 The surfaces of dental 
restorations should, therefore, be as smooth as possible, min- 
imizing plaque adherence. 

The formation of bacterial plaque on tooth surfaces or 
various materials used in the fabrication of fixed prostheses 
such as metal or ceramic crown restorations has been studied 
extensively. 30 ' 34 I, has been reported that dental materials 
regardless of their original surface properties, assume the 
same surface properties as the natural tooth surface and are 
covered with pellicle after only 1-2 h in the oral environ- 
ment. Low-energy surfaces were reported to collect less 
supragingival plaque than high-energy surfaces. 36 Glantz 37 
concluded that the amount of plaque adhering to a solid 
surface under clinical conditions is positively correlated to 
the specific free energy of the solid. By comparing highly 
hydrophobic (low-energy) and hydrophilic (high-energy) sur- 
faces, it is possible that there might be a critical level of 
surface hydrophobicity below which only very little accumu- 
lation or biofilm may occur. 38 39 The observations that the 
hydrophobic surface was highly resistant to both dental pel- 
licle and plaque formation, and that even after 1 week in the 
oral environment it seemed to retain its original hydrophobic 
properties were unexpected. There was clearly more pellicle, 
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Figure 6. ESCA qualitative profile of SiO^-hybrid-coated pure titanium surface after 1 min of 
argon-ion-etching. 



and it adhered more strongly to the hydrophilic surface than 
to both hydrophobic and natural tooth surfaces. 38 * 39 

In the present study, more hydrophobic surfaces were 
obtained from the Si0 2 - and Si0 2 /F-coated pure titanium 
surfaces than noncoated metal surface. Thus, less plaque is 
expected to accumulate on the hydrophobic prosthesis surface 
on which both thin Si0 2 and Si0 2 /F-hybrid films have been 
formed by the sol-gel dipping process. Furthermore, it may be 
virtually devoid of stainable pellicle. However, a more thor- 
ough clinical study is needed of dental plaque formation on 
the hydrophobic Si0 2 - and Si0 2 /F-coated surfaces, the dura- 
bility of these films with long-term water immersion, and 
abrasion resistance to toothbrushing. 

The shear bond strength between commercially available 
dental resin cements containing silica and pure titanium cast- 
ing without any surface treatments was below 40 MPa. 40 In 
this study, thin Si0 2 and Si0 2 /F-hybrid films coated by 
sol-gel dipping method could bond strongly to pure titanium 
casting surfaces (above 55 MPa of tensile strength). It ap- 
pears that abrasion resistance of thin film coatings depends on 
the adhesive strength of films to metal substrate and on 
coating thickness. Therefore, we are performing another 
study of thicker Si0 2 film coatings in order to show the 
probability for good abrasion resistance to toothbrushing. 

In conclusion, the formation of both thin Si0 2 and Si0 2 / 
F-hybrid films by the sol-gel dipping process on the surface 
of dental pure titanium casting gave excellent surface prop- 
erties including high bond strength to the metal substrate, 
extremely small amounts of titanium ions release, and high 
hydrophobicity. This may be useful clinically in enhancing 
the bond strength of dental resin cements to titanium, pre- 
venting titanium ions release from the substrate, and reducing 
the accumulation of dental plaque attaching to intraoral dental 
restorations. 

We thank Dr. T. Inoi (Tokyo, Japan) for preparations and sup- 
plies of specimens. 
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